The present study deals with the growth of transerystalline layer in Nylon 6.6 reinforced with lIM pitch based carbon or aramid fibres. The kinetics of transerystalline growth is investigated quantitatively. The surface energyparameters that are derivedhere.can be usedto definea better criterion for the nucleation of ttanscrystallinity from the fibre surface. The free energy difference function. Aa, as it appears in the classical theory of heterogeneous nucleation is calculated for both aramidand lIM carbonfibres.
Introduction
A fibre which is embedded in a thermoplastic polymer melt may act as a heterogeneous nucleation agent for spherulite growth. IT many nucleation sites are present on the fibre surface, the resulting spherulite growth will be restricted in the lateral direction, so that a columnar layer, known as transcrystallinity, will develop and enclose the fibre [1] . An ordered transcrystalline growth depends both on the nucleation capacity of the fibre surface and on the crystallizability of the polymer. The scientific literature presents cases of transcrystalline interphases in different composite materials [2] [3] [4] [5] [6] , however, the physical nature of transcrystallinity as well as its effect on their mechanical properties are still unclear. Because it is a nucleation controlled process, transcrystallization depends strongly on thermodynamic conditions, such as the crystallization temperature or the cooling rate. Also, it has been shown that the fibre surface may induce nucleation of matrix depending on lattice matching and chemical similarity of the constituents [7, 8] , the presence of a flow field due to processing conditions [9] , the level of the surface free energy [10] and the presence of a temperature gradient between the fibre and the matrix due to a mismatch in thermal conductivity [10, 11] .
The objective of this paper is to measure the energy parameters of the transcrystallization process by using a modification of the theory of heterogeneous nucleation. By calculating the value of the free energy difference function, Aa, whic~ĩ a me~sure of the~mount of energy necessary to create a stable nucleus at the fibre surface, It IS possible charactenze the nucleation capacity of the fibre.
Experimental
Nylon 6,6 films were pressed from pellets at 290 ·c for 10 minutes, followed by quenching in ice water. A single fibre (either pitch based HM carbon or aramid Kevlar 49, both from DuPont) was inserted between two thin resin films (0.07-0.10 rom), covered by two microscope glass slides and placed on a Mettler FP82 hot stage, previously heated to the process temperature. The crystallization was viewed through a Nikon optical microscope equiped with cross polarizers and attached to a video camera and monitor. The process cycle comprised melting at 290 ·c for 5 minutes, followed by cooling at 10 ·C/min to a selected isothermal crystallization~mperature.
Re~ngs of~e thickness of the growi.ng transcrystalline layer were taken penodically. The penod of nme elapsed from the beginning of the isothermal treatment until the onset of transrystallization was determined as the induction time.
Results and discussion
According to the theory of polymer nucleation [12] , the rate of heterogeneous nucleation is given as follows, where 10 is a constant n~cleation rate, Acp is the activation energy for a molecule to cross the phase boundary, k IS Boltzman's constant, T is the crystallization temperature and .10* is the critical excess free energy due to the creation of a nucleus, as shown in Fig. 1 .
.10* can be further expressed as:
.10* =16cJae.1a'I1h
here a is the side surface free energy per unit area. a e is that for the fold surface and ae is the difference function which is a measure of the amount of energy necessary to create the new top surface. .1hfis the heat of fusion per unit volume of the crystalat the equilibrium melting point and .1T is the supercooling. The growth rate. g, is given by:
where go is a constant growth rate and bo is one of the dimensions of growing nucleus at the tip of a stable crystal (assumed to be 0.5 om). 8 is a constant characterizing the regime of growth (8 = 2, in regime II, [11, 13] ). A plot of In I against l/[T(.1T)2] yields a straight line whose slope is proportional to aae.1a, while a plotof In g against 1/[T.1T] yields a straight line whose slopeis proportional to <roe. The combined measurements of nucleation and growth ratesof the transcrystalline region enableto calculate .1a from the graphs mentioned above. However, this study encountered a specific problem. whereby the highrate of appearance of the transcrystalline spherulites did not enable an exact measurement of the nucleation rate. A possible alternative might be the use of the induction time approach [5 .1Ol, as described below.
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, The nucleation curves are generally S shaped, as can be seen in Fig. 2 . The delay before the onset of massive nucleation, often referred to as the induction time, tj, is followed by a region of linear growth rate of the transcrystalline zone. Plots of In g versus l/[T.::\T] are shown in Fig.   3 for temperatures in the range 242-250 "C (the values of g at higher temperatures were not included, because it was believed that they followed a regime I behaviour). From the slopes, and using the literature values for Allfand T m [14] , OOe was calculated to be 153.6 erg 2/cm4 for the carbon fibre, and 295.87 erg 2/cm4 for the aramid fibre. For comparison, OOe for poly(buten-1) crystallized on isotactic polystyrene was reported to be 243 erg 2/cm4 [11] , and 1305 erg 2/cm4 for LHDPE crystallized _on a polyethylene fibre [4] . Table 1 , where it can be seen that large differences are obtained for very small temperature changes.
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iii carbon fibre • aramid fibre
.s Using the CJCJellCJ values calculated from the induction time curves (Fig. 4) , together with those of CJCJe calculated above, the values of llCJ were found to be 0.31 erglcm 2 for the ararnid, and 023 erg/em? for carbon fibre. -
Summary
This study presents values of the free energy difference function measured for crystallization of Nylon 6,6 on carbon and aramid fibre surfaces. The procedure assumed that the uniform transcrystalline growth front observed with both fibres was formed by heterogeneous nucleation. The relatively low llCJ values measured for the two fibres are probably indicative of their high nucleating ability [4, 5] . In a comprehensive study which is underway, questions pertaining to the difference between the fibres, to the reason for the low llCJ values and to the effect of llCJ of the matrix in bulk crystallization will be investigated. In addition, kinetic results, such as those reported here, will be used to help understand the sources and mechanisms of transcrystallization.
